Organic materials featuring ferroelectric polarization [1] are attractive candidates for easily processable and low-cost electric sensors, [2] electro-optics, [3] as well as non-volatile memory devices. [4] Thef undamental requirement for these materials is spontaneous and switchable polarization. In supramolecular solids [1, 3] and liquid crystalline (LC) phases, [5] the latter is generally induced by ordering either permanent molecular dipoles or supramolecular dipole moments that are generated or enhanced by the assembly. [6] In particular, materials with polarization along the columnar axis (referred to as axially polar) have gained increasing interest owing to their potential applicability for ultrahighdensity memories,where individual columns might ultimately act as memory elements. [7, 8] Recently,the first example of an intrinsically ferroelectric, axially polar LC with ar emnant polarization of 1.7 mCcm
À2
was obtained by columnar stacking of ap hthalonitrile derivative. [9] Kemerink, Sijbesma, and co-workers reported as imilar polarization of up to 2 mCcm À2 for thin films of oriented LCs [10] that consisted of benzene-1,3,5-trisamides (BTAs) [11] with long aliphatic side groups.A lthough the polarization could be induced and switched by electric fields,its stabilization was only possible by freezing the LC state. [10, 11] Therefore,one of the biggest challenges for axially polar materials remains the creation and control of spontaneous polarization in the absence of external stimuli. Thel atter requires the counterbalance of the electrostatic interactions between the dipoles of neighboring columns in as ide-by-side arrangement, which inevitably favors an anti alignment of the columnar polarization, resulting in non-polar phases. [3] Hence,s uitable columnar materials with spontaneous and stable polarization are rare up to now,a nd for the few observed cases, [8] its emergence remained unexplained. [7] [8] [9] [12] [13] [14] Herein, we present as tructural study of four purposely synthesized BTAs with the aim of investigating the origin of spontaneous polarization for axially polar systems in their solid state,which offers the unique possibility to study dipole order governed solely by intrinsic interactions.I ng eneral, BTAs are based on abenzene core that is linked to peripheral groups via three amide bonds in the 1-, 3-, and 5-positions ( Figure 1a ). Thef ormation of threefold intermolecular hydrogen bonds in ahelical arrangement drives the molecular self-assembly into well-ordered columns (Figure 1b ,l eft), in which all carbonyl bonds are aligned in the same direction along the columnar axis.T he individual dipole moments of these bonds add up to macrodipoles [10] along the columnar axis ( Figure 1b,l eft) . In as ide-by-side arrangement of two columns,t he electrostatic interactions prefer an anti alignment of the macrodipoles (Figure 1c) . Simultaneously,t he peripheral groups give rise to ac orrugated surface topography for the supramolecular aggregates (Figure 1b,right) , imposing steric restraints (Figure 1c )t hat may favor parallel or antiparallel arrangements depending on subtle structural details of the peripheral groups.Asvan der Waals forces favor dense packings of neighboring columns,h exagonal rod packings [14] are often induced (Figure 1d ). In such packings, however, the macrodipole interaction between neighboring columns becomes frustrated as it is not possible to simultaneously align all dipoles antiparallel relative to their nearest neighbors (Figure 1d ). This frustration reduces the contribution of the macrodipole interactions to the lattice energy and thus amplifies the influence of steric restraints.I ft he latter favors the parallel alignment of neighboring columns,s table ferroelectric domains should be feasible for axially polar materials.
Based on this model, compounds 1-4 ( Figure 2a )w ere selected, for which we expected av arying ratio of macrodipole and steric interactions.Single crystals were grown either by solvent evaporation or by sublimation and analyzed by single-crystal X-ray diffraction (for crystallographic details, see the Supporting Information, Section S2). All four BTAs crystallize in hexagonal rod packings (Figure 2b ), which is in agreement with previous studies on 1 [15] and 2.
[16] Whereas 1, 2,and 4 exhibit similar intercolumnar distances d cc of 14.1 , 14.5 ,and 13.9 ,the longer peripheral groups of 3 increase the d cc value to 17.1 .The C=Ocentered linkages of 1 and 3 Abstract: Columnar supramolecular phases with polarization along the columnar axis have potential for the development of ultrahigh-density memories as every single column might function as am emory element. By investigating structure and disorder for four columnar benzene-1,3,5-trisamides by total X-ray scattering and DFT calculations,wedemonstrate that the column orientation, and thus the columnar dipole moment, is receptive to geometric frustration if the columns aggregate in ah exagonal rod packing. The frustration suppresses conventional antiferroelectric order and heightens the sensitivity towards collective intercolumnar packing effects.T he latter finding allows for the building up of mesoscale domains with spontaneous polarization. Our results suggest how the complex interplay between steric and electrostatic interactions is influenced by as traightforwardc hemical design of the molecular synthons to create spontaneous polarization and to adjust mesoscale domain size. To derive amore quantitative picture of the macrodipole strengths,w ee stimated the average molecular dipole moments p representative for the columnar dipole for the smaller molecules 1, 2,a nd 4 by quantum-chemical calculations on finite clusters taken from the single-crystal structure solutions (Section S3). In line with the structural considerations, p amounts to 12 Da nd 11 Df or 1 and 2, respectively,a nd to 6.5 Df or 4.F or the latter,t he p value is reduced further because of the anti alignment of the CÀFand C=Ob onds,w hich is induced by intramolecular NH···F hydrogen bonds (Figure 2a ,b and Figure S4 b) . [17] In the case of 3,w ee xpect av alue close to the one derived for 2 as their mean torsion angles are similar. As ac onsequence, the strongest macrodipole interactions arise for 1 (p = 12 D, d cc = 14.1 ), closely followed by 2 (11 D, 14.5 )a nd as ignificant reduction for 3 (11 D, 17.1 )o wing to the larger d cc value and 4 (6.5 D, 13.9 )b ased on the smaller p value. Remarkably,f or 1, [15] 2,a nd 3,e ach stack appears as as uperposition of two columns with opposite macrodipole orientations in the conventional structure solution (Figure 2c) . As Bragg diffraction arises from spatially averaged electron density within the coherence length of the X-ray beam (ca. 100 nm), this reflects disorder of the macrodipole orientations in individual unit cells. [18] For 1,both orientations are equally present (Figure 2c) , and hence on average,e ach stack has a50% probability to be either in the up or the down state.I nc ontrast, we observed superstructures with as tripe- type macrodipole arrangement for 2 and with ah oneycomb pattern for 3 and 4 ( Figure 2c ). Fort he latter BTAs,i ne ach stack, one particular column orientation is more likely than the other as indicated by the color code presented in Figure 2c .N evertheless,t he unit cells of 1 and 2 contain no net macrodipole moment as equal amounts of up-and downoriented columns are present. For 3 and 4,t he unit cells contain an excess of one orientation, which leads to an et polarization along the direction of the columnar axis. In addition to the sharp Bragg reflections,selected layers of reciprocal space exhibit intense,structured, diffuse scattering for compounds 1, 2,and 3 ( Figure 3a) . [18] In all cases,the diffuse intensities are confined to layers perpendicular to the stacking direction ( Figure S2 ). Thediffuse scattering explains the disorder for up-and down-oriented columns as described above (Figure 2c )a nd suggests deviations from the average structures for neighboring columns within acoherence length below 100 nm. In contrast, the columns are rather wellordered along the stacking direction on significantly larger length scales.T odevelop models that reproduce the observed diffuse scattering pattern, we found it to be sufficient to position supramolecular columns in ahexagonal rod packing, with only the up and down orientation of the macrodipoles subject to disorder, while the packing along the stacking direction is ordered over the whole column. We then predicted the ferroelectric and antiferroelectric alignments of neighboring macrodipoles based on a2 DI sing model. [19] Here,t he energy of the system is defined based on two effective coupling constants J 1 and J 2 ,which describe the sum of both the electrostatic and steric interactions between nearest neighbor (n.n.) and next-nearest neighbor (n.n.n.) columns.
[19] J 1 and J 2 are subsequently varied until the best match between the simulated and experimental diffraction patterns (Figure 3a ,b)i sr eached (for ad escription of the technical procedure,see Section S1.4).
Ther esulting arrangements of up-and down-oriented macrodipoles (Figure 3c )r eproduce the diffuse scattering pattern (Figure 3a) w ith almost perfect agreement. 1 and 2 both exhibit disorder on alocal scale with preferential stripetype antiferroelectric arrangements between neighboring columns.I nc ontrast, for 3 and 4,m esoscale domains with ahoneycomb structure carrying spontaneous polarization are formed. While the average domain size is on the order of 20-30 nm for 3,t he domains become significantly larger (50-70 nm) for 4.F urthermore,t he excellent match between the observed and simulated X-ray powder diffraction data ( Figures S5-S8) demonstrates that both the disorder and the mesoscale domain formation are inherent properties of the bulk materials.A lthough domains with spontaneous polarization have been suggested for axially polar phases before, [7] [8] [9] 12, 20] our data provide the first experimental evidence for their existence.F or such small domains,o ther common methods,s uch as the second harmonic generation effect, are inconclusive [21] or change the domain structure as for pyroelectric measurements.I no ur case,t otal scattering proves to be the method of choice for probing small domains without affecting the spontaneous polarization.
Fort he two compounds with the larger macrodipole interactions (1 and 2), both J 1 and J 2 are positive,i ndicating that the electrostatic interaction, and thus an antiferroelectric alignment between n.n. and n.n.n. columns,d ominates.T his inevitably leads to disorder for up-and down-oriented columns on local length scales and non-polar unit cells (Figure 2c and Figure 3c ). In contrast, for 3 and 4,where the electrostatic interaction is significantly reduced, J 1 and J 2 bear opposite signs with J 1 > 0a nd J 2 < 0. Consequently, only n.n. columns tend to be anti-aligned while n.n.n. stacks favor ap arallel alignment. Thel atter occurs only when the steric interactions and collective packing effects [22] become stronger than the electrostatic forces.T he tendency for an opposite alignment for n.n. and n.n.n. columns in turn is the origin of the formation of mesoscale domains with spontaneous polarization and polar unit cells (Figure 2c and Figure 3c) . Based on the calculated molecular dipole moments, the polarization within these domains reaches values of 1.6 mCcm À2 and 1.4 mCcm À2 for 3 and 4,which are among the largest values obtained for axially polar phases to date. [9] [10] [11] [12] [13] 23] Established approaches for creating ferroelectric order make use of supramolecular interactions between individual molecules to counteract the electrostatic interaction. [3] In contrast, we have shown that for axially polar phases, polarization emerges from weak steric interactions between self-assembled supramolecular columns if the systems are prone to geometric frustration. As these interactions are encoded in the molecular structure,the latter drive the dipole ordering and the length scale of domain formation. As such, it is possible to move between nonpolar stripe-type and polar honeycomb phases in a2DIsing phase diagram (Figure 4) . [19] Our finding illustrates emerging complexity [24] and is an intriguing example of introducing hierarchical order in supramolecular systems. [25] With small, but systematic chemical modifications of the molecular synthons,abroad range of antiferroelectric and ferroelectric domain structures are accessible.C ounterintuitively,m esoscale domains are maxi- mized for systems where dipolar interactions are reduced. Following this idea for other columnar materials may lead to the development of aw ide variety of solid and liquidcrystalline,axially polar columnar ferroelectric materials.
